Abstract. -The stellar distribution of a small sample of edge-on spiral galaxies is examined in B, V, R, and I by fitting model distributions to the light profiles, both perpendicular to the galaxy planes and along the major axes. We have developed a method to compare the fits for the models obtained for different galaxies by introducing a global goodness-of-fit parameter Pij. In general, the best fitting vertical model is more peaked than expected for an isothermal sheet distribution, i.e. it is either an exponential light distribution or a sech(z)-model. The most likely explanation for the deviations from an exponential or a sech(z) distribution at small z is dust extinction, whereas the excess light detected at large z for a few early-type spirals could be due to a thick disk component. The constancy of the exponential scale height of both the thin and the thick disks as a function of position along the major axis is confirmed, although it seems to lose strength in the radial outer parts. It is found that the vertical scale parameters for both the thin and the thick disks are confined within narrow ranges. We show that the scale lengths vary as a function of z-distance from the galaxy planes. The smallest scale lengths were measured in the galaxy planes. This can be explained by a combination of absorption effects and a young stellar population, that is supposed to be present in the galaxy planes. The mean ratio of the radial to the vertical scale parameter, hR/z0, is 5.9 ± 0.4.
Introduction
Since the introduction of the CCD camera as a highly accurate and linear astronomical measuring device, a number of studies has been devoted to the detailed description of the surface brightness distributions in edge-on spiral galaxies.
The vertical surface brightness distribution of a galaxy and the ratio of vertical to radial scale parameters are fundamental pieces of information needed for studies concerning the formation and evolution of disk galaxies. If the exact surface brightness distribution is known, we can distinguish between several mechanisms, related to the heating of the stellar component in galaxy disks.
Theoretical models
Several models have been proposed and fitted to the surface brightness distributions observed. As is well-known from Freeman's (1970) work, the radial light distribution in the disks of spiral galaxies can be described by an exponentially decreasing luminosity law with increasing galactocentric radius. The simplest model to account for the full three-dimensional surface luminosity distribution of any spiral disk (assuming axial symmetry) is a double exSend offprint requests to: R. de Grijs ponential distribution:
where h z and h R are the vertical and radial scale parameters, respectively, z is the distance from the galaxy plane, R the position along the major axis, and L 0 the central surface luminosity in the plane of the galaxy. Tsikoudi (1977) found, after having studied a sample of large lenticular and spiral galaxies, that the luminosity distribution perpendicular to the galaxy plane in the edge-on galaxies NGC 3115, NGC 4111 and NGC 4762 is well fitted by a steep exponential luminosity decrease, extending over a region of 2 on each side of the plane. In fact, the exponential behaviour of the vertical profiles of edge-on spirals at large z, as found by Tsikoudi (1977) , led Freeman (1978) to the observation that this is an expected result of the two-component (bulge and disk) model of galactic structure, providing that the disk is approximately isothermal.
Alternatively, other parametrizations for the vertical luminosity distribution have been suggested. Van der Kruit & Searle (1981a ,b, 1982a have described the vertical distribution of the stars in edge-on spirals by that of an isothermal sheet (the "sech 2 -distribution"), with which they obtained better fits to the inner parts than by using an exponential distribution:
where z 0 = 2h z . At large z the vertical scale parameters are equal for both the exponential and the sech 2 (z) model. At intermediate z-heights, the most prominent luminosity component in most spiral galaxies is the thin disk, which is thought to be locally isothermal (van der Kruit & Searle 1981a) . However, this isothermal approximation may not hold at very low z, because very close to the galaxy plane the thin disk is mixed with younger populations, due to active star formation. Van der Kruit (1988) has discussed the environmental effects on real disk systems in detail and concludes that near the galaxy plane a deviation from a locally isothermal disk situation could be real (i.e., close to the planes the stars are dynamically cooler than expected theoretically). Therefore he proposed that a more peaked distribution than the isothermal sheet, such as the "sech(z)-distribution", may be a more appropriate one to use:
Van der Kruit (1988) claims that while the isothermal model will not reproduce Wainscoat's (1986) photometry of the southern edge-on galaxy IC 2531 or Gilmore & Reid's (1983) star densities towards the South Galactic Pole, these observations would agree with a sech(z) distribution.
The vertical scale parameter
Another matter of interest that will be studied in this paper is the behaviour of the vertical scale parameter as a function of distance along the major axis. Since the vertical scale height can be related directly to the vertical velocity dispersion in the disks, we may be able to constrain models that describe the dynamical heating mechanisms of galaxy disks. Van der Kruit & Searle (1981a ,b, 1982a found, at least for their sample of edge-on spirals, that the vertical scale parameter, h z , is in good approximation independent of position along the major axis. In later studies, this result has been confirmed by a number of authors, e.g. Kylafis & Bahcall (1987) and Barnaby & Thronson Jr. (1992) for the disks of NGC 891 and NGC 5907, respectively. A similar conclusion was reached by Jensen & Thuan (1982) for NGC 4565. Shaw & Gilmore (1990) studied a sample of 10 spiral and lenticular edge-on galaxies and found that the variation of disk scale heights as a function of radius is typically within ± 3% of the derived mean value, with no evidence of a dependence on colour or model type adopted. In some of their sample galaxies they concluded that the best-fitting model is a combination of two disk components. The scale height was found to be constant at the same 3% level in both disk components.
It should be noted that these results were obtained from two-dimensional modeling.
Models for the dust distribution
In general, it is assumed that the influence of dust extinction is largest in the planes of galaxies. In fact, observations of edge-on galaxies reveal strong dust lanes near the galaxy planes in many cases. Numerous studies have been devoted to the description of the dust influence in optical wavelengths, e.g. Disney et al. (1989, hereafter DDP) and Kylafis & Bahcall (1987, hereafter KB87) .
According to DDP, the so-called "sandwich model" is the most physically attractive model for the description of the dust distribution: it is believed that in general, through dissipation, dust and gas will sink into an obscuring layer (containing a mix of absorbing and emitting material) narrower than the emitting layer. This is observed in our Galaxy as well as in external edge-on galaxies (e.g. KB87). In our Galaxy, for instance, we can distinguish between the local (dynamically) cool gas layer with a scale height of 135 pc (e.g. Cowie & Songaila 1986 ), opposed to a scale height of 325 pc for the stars (Gilmore & Reid 1983) . As is obvious from geometrical considerations, if the distribution of dust, gas, and stars in a galaxy is best represented by a sandwich model, some stars will be partly obscured while others will be in front of the obscuring layer, leading to the appearance of an optically thin disk on top of an optically thick body. Thus, according to DDP a sandwich model can represent any disk in which the obscuring characteristics vary from point to point (like a vertically-layered disk with an upper crust of unobscured stars, a disk with obscuring patches, a disk in which the optical depth falls off as a function of radius, or a combination of these).
The ratio of radial to vertical scale parameters
Since we are looking at edge-on galaxies, we can easily measure the ratio of the radial to the vertical scale parameter for galaxy disks, h R /z 0 .
By studying this ratio statistically, we may be able to put constraints on the physical processes that formed the disks as well as on the stability parameters of these systems. The scale height is presumably determined by secular evolution of the stellar velocity dispersion, and statistics on the ratio of scalelength to scale height gives information on the importance of this process in galaxies with different properties, like radial scalelength, integrated magnitude, and absolute luminosity. Bottema (1993) has shown that a constant value for the h R /z 0 ratio leads to a more or less constant mass-tolight ratio of the old disk, (M/L) B , under the assumptions that we are dealing with exponential, locally isothermal disks with a constant ratio of vertical to radial velocity dispersion. On the other hand, if we assume a linear relationship between the old-disk absolute luminosity and the vertical velocity dispersion, Bottema (1993) shows that (for a constant (M/L) B ) the ratio h R /z 0 decreases rapidly from faint galaxies to a constant level for normal and bright galaxies.
From a kinematical point of view, this h R /z 0 ratio is also important, since once this ratio is known, we can determine the maximum rotation of a disk from measurements of the vertical disk dispersion (Bottema 1993) . In order to fit the observations of the maximum rotational velocity of disk-dominated Sc galaxies, h R /z 0 needs to be on order 10. However, van der Kruit & Searle (1982a) found a h R /z 0 ratio of 4.7 ± 1.8 (in the optical J band) for a number of galaxies comparable to our own Galaxy. This leads Bottema (1993) to the conclusion that, for realistic h R /z 0 values, the stellar velocity dispersions only allow the disk to have a (theoretical) maximum rotation of on average 63% of the observed maximum rotation. This is significantly less than results of the so-called maximum disk fits that are widely used to model rotation curves.
In this paper we present broad-band optical observations and model fits of a small sample of edge-on spiral galaxies. The observations presented here form part of a project intended to study the structural parameters of edge-on spiral galaxies statistically. In Sect. 2 we will give an overview of the observations and a brief description of the reduction techniques used. In Sect. 3 we will first present the results of this study, of which the implications will be discussed in Sect. 4.
Observations and data reduction

Sample selection and observations
For a statistical study of the structural parameters of edgeon spiral galaxies we selected a sample on basis of the Uppsala General Catalog (UGC, Nilson 1973) with the following properties:
-their inclinations are greater than or equal to 87
• ; -the angular blue diameters (D 25 ) are larger than 2. 2; -the galaxy types are ranging from S0 to Sd, and -they should be non-interacting.
The inclinations were determined following Guthrie (1992) , assuming a true axial ratio log R 0 = 0.95 ± 0.03, corresponding to an intrinsic flattening q 0 = (b/a) 0 of 0.11 ± 0.01. From this intrinsic flattening the inclinations i were derived by using Hubble's (1926) formula
where q = b/a is the observed axis ratio. The inclination of UGC 8286 was determined by comparing the positions of H ii regions with the symmetry plane of the galaxy. Imaging CCD observations of 8 edge-on galaxies in B, V, R, and I were obtained with the 1 m Jacobus Kapteyn Telescope (JKT) of the Observatorio del Roque de los Muchachos at La Palma (Spain), equipped with the EEV7 CCD. The EEV7 CCD, with 1280×1180 pixels and a pixel size of 0. 30, was used in slow read-out mode, in this way reducing the read-out noise to below the sky noise. We used the B, V and R Harris filters and the Kitt Peak I filter available on La Palma (RGO/La Palma Technical Notes 1987 .
Details of the specific observations can be found in Table 1; I-band images of the sample galaxies are presented in Fig. 1. 
Reduction
The standard photometric reduction was applied to the CCD images by using the ESO-MIDAS data reduction package, developed by the European Southern Observatory. In order to reduce the influence of detector noise, we combined twilight flat fields from several nights to create a very accurate flat field for each passband. The variations in flat field structures from night to night were less than 0.5% of the total intensity of the individual flat fields. After the flatfielding the background was set to zero so that only the contributions of the galaxies themselves remained. Possible gradients in the background were removed by a background fitting routine, which fitted a twodimensional polynomial (linear in both dimensions) to regions far away from the galaxy and subtracted this twodimensional plane from the image; the remaining background variations are statistical: the uncertainties are mainly due to Poisson noise.
For some of the sample galaxies the seeing is rather bad (i.e. larger than 2 ). However, this does not influence the results presented in this paper significantly, because the structures looked at extend over many seeing cells and thus the slopes of the surface brightness profiles are not affected significantly.
The calibration of the pixel size was done by using 5 stars in a few object frames and supplementing them with the coordinates from the Guide Star Catalog (Russell et al. 1990 ). The average measured pixel size was 0. 298 ±0. 004, not depending on filter, and therefore a pixel size of 0. 30 was used in the reduction of the observations. The science frames were flux calibrated by using the standard field PG 0918+028 and the standard stars HD 84971 and 107-Z-544 (Landolt 1983 (Landolt , 1992 . These frames were calibrated to Johnson B and V and Kron-Cousins R and I. On the photometric nights, observations of (at least five) standards at different airmasses were taken, so that the influence of atmospheric extinction could be corrected for as well.
Vertical profiles were extracted at a number of positions along the major axes of the galaxies. In order to retain reasonable signal-to-noise (S/N ) ratios out to large z-heights, we applied an intensity-weighted binning algorithm to the vertical profiles from those z-heights outwards Table 1 . Observational data. Meaning of the columns: (1) UGC name; (2) Revised Hubble index (from the RC3); (3) inclination; (4) distance to the galaxy, using either cluster membership or velocities determined from radio observations and a Hubble constant H0 = 100 km s −1 Mpc −1 ; (5) passband used; (6) and (7) exposure time and date of observations; (8) seeing conditions during the observations; (9) major and minor axis (and minor axis including bulge) at the µB = 25, µV = 25, µR = 24, and µI = 23.5 mag arcsec −2 isophote, measured in this study; and (10) comparison with major and minor axis measurements from the literature where the intensities dropped below 4 times the sky noise.
In that way, the galaxy profiles could be followed further out.
In the radial direction the galaxies were also binned to retain an approximately constant overall S/N ratio in the vertical profiles.
The initial S/N ratio was determined by the vertical profiles taken at the galaxy centers; we determined the positions of the galaxy centers by fitting ellipses to the galaxies at the lowest isophotal levels. The central areas were left out of the the fitting, because there the various ellipse fitting routines break down due to, e.g., non-elliptical isophotes caused by the presence of a dust lane.
The positions of the galaxy planes were determined by folding the vertical profiles and under the assumption of symmetrical light distributions (in the case of perfectly edge-on orientations) with respect to the planes.
In some of the sample galaxies the central areas are dominated by the bulge light contribution. Therefore, we applied a bulge-disk decomposition in the radial direction to all sample galaxies. In the following, those vertical profiles that were taken at radii along the major axis where the bulge influence is less than 5% of the total light contribution will be called "disk profiles".
To study the structure in the radial direction, we extracted vertically integrated radial profiles for all galaxies. From these profiles, both the reliability of the background subtraction algorithm and the radial scale parameters of the galaxies could be examined. Secondly, we extracted radial profiles of 5 width parallel to the major axes of the galaxies. These profiles were used for the study of the dependence of scalelength as a function of z-height above the galaxy planes and thus the study of the geometry of the dust component in the sample galaxies, if present.
To be sure that the position angles of the galaxies were determined with sufficient precision an ellipse fitting program was applied to the individual observations, yielding position angle distributions as a function of position along the major axes. From these distributions the best-fitting position angles were determined, with an accuracy of better than 0.5
• . Position angles resulting from fits to both the inner and the outer parts of the galaxies were ignored, because of possible contamination from bulge light in the inner parts and distortions due to warps in the outer parts. The best position angles determined for the sample galaxies are listed in Table 2 . The position angles listed in Table 2 were corrected for the slight misalignment from the north-to-south direction of the CCD. The misalignment angle for the April 1993 observing run was measured to be (0.68 ± 0.02)
• .
Results
Vertical surface brightness distributions
Exponential scale heights
From the individual vertical profiles the exponential scale height behaviour as a function of position along the major axis was studied for each of the sample galaxies. The simplest way to do this is by fitting an exponential light distribution to the intermediate z-heights of the vertical profiles. In order to minimize the influence of a possible dust lane or a second, underlying disk component (we will call such components "thick disks"), the exponential fits were done in these (intermediate) regions on both sides of the galaxy planes. The extents of the regions where we fitted exponential light distributions are tabulated in Table 2 . For each galaxy we used the same region for all passbands; results of the fitting are listed in Table 4 .
We have examined the influence of the choice of the fitting boundaries. Especially in the (later type) dusty galaxies, the effect of varying the inner fitting boundary can be considerable. In order to estimate the importance of accurately defining the fitting boundaries, we have looked at the differences that arise when fitting the entire vertical range compared to the fit between the fixed boundaries as has been done in this paper. The maximum difference between these two methods can amount up to ∼ 30% (B band) in the dustiest galaxy (UGC 9127). However, our estimate of the realistic errors in the exponential scale height determination caused by a different definition of the fitting boundaries is on average ∼ 8% in B, decreasing to ∼ 4% in I, with an extra scatter of a few per cent introduced by the dustiness of the galaxy. The influence of a narrow dust lane, like in UGC 7980, is insignificant in this respect.
Although the resulting exponential scale heights may vary considerably depending on the fitting boundaries chosen, the ratios of the scale heights determined in different passbands remain more or less constant. In Table 3 we have, as an example, tabulated the effects of choosing different fitting boundaries for UGC 9127, from taking the entire vertical luminosity profile, including the prominent dust lane (fitting range from 0 to 30 ), to taking a low S/N region in the (vertically) outer parts of the galaxy (region from 15 to 25 ). It can be seen in this table that the ratios of the scale heights between the various passbands only vary by ∼ 3 − 4% when choosing slightly different fitting boundaries in the intermediate part of the vertical luminosity distribution, i.e. the regions from 5−25 or from 10−20 . UGC 9127 was taken because of its very prominent dust lane, which might influence the results obtained significantly.
Before we describe the results of the model-fitting, it is necessary to study the effect of a possible non-edge-on view at the galaxy planes. Van der Kruit & Searle (1981a) showed that for systems having an inclination i ≥ 86
• the slopes of both the vertical and radial profiles remain unaltered. The inclinations of the galaxies that are studied in this paper range from 87 to 90
• , so that the results presented here will not significantly be affected by inclination effects.
In Fig. 2 the behaviour of the exponential scale height as a function of position along the major axis is shown for all sample galaxies and all passbands used. In this figure we did not correct for the influence of bulge light contributions to the vertical luminosity profiles. In Table 2 the positions along the major axes of the bulge-dominated profiles are tabulated.
Especially in the later-type galaxies, the exponential disk scale height was found to be constant as a function of position along the major axis, in our case the constancy of the disk scale height was found to be of order 10 to 15% in the Sc and later-type galaxies. This constancy level differs significantly from those found by Shaw & Gilmore (1989) . However, they tried to model their sample galaxies globally by applying a two-dimensional model to their data, whereas we have fitted one-dimensional models to different parts of our sample galaxies. Our results give more direct information about the irregularities on small scales.
However, in most of the galaxies the fitting of exponential light distributions indicates smaller slopes and hence larger values for h z in the (radial) outer parts than in Fig. 1 . I-band images of the sample galaxies. The lowest contour level is 23.5 I-mag arcsec −2 , except for UGC 7980 and UGC 8016 (21.5 I-mag arcsec −2 ); the difference between subsequent contours is 0.5 I-mag arcsec −2 . North is at the top, East to the left, instrumental position angles have not been corrected for (1) No data available due to too few data points in this region. The range from 10−20 was used for the determination of the exponential scale height in Table 4 .
the central areas of the disk. Although our data is of sufficiently high quality to detect small variations in scale height, we need deeper observations to be able to quantify the radial increase of the scale heights in these later-type galaxies.
In the early-type galaxies UGC 7980, UGC 8016 and UGC 8935, this increase is much more evident and is obviously influenced by the bulge light contribution. In UGC 7808 and UGC 10043, the exponential disk scale heights in the central regions are clearly also affected by the bulge light contribution.
The radial increase of the disk exponential scale height in UGC 9127 is due to a clear warp in the stellar body. We will come back to this in Sect. 4.2, where we will discuss various possible causes for the remarkable constancy of the exponential scale height. Finally, there is no clear trend of scale height variation with passband. We will come back to this in Sect. 4.2 as well. Table 4 . Global goodness-of-fit parameters obtained for the sample galaxies. Columns: (1) Galaxy name; (2) broad band filter used; (3) Total number of disk profiles; (4-6) global goodness-of-fit parameters for single-component models as described in the text; (7-9) global goodness-of-fit parameters for multi-component fits, compared to the best single-component fit; (11) exponential scale height and its statistical error (1) Although the two-component fits indicate better results for a double exponential distribution, the combination of a sech and an exponential yields better fits out to larger radii in all passbands.
More complex modeling of the vertical profiles
In this section we will try to fit the vertical light profiles, by applying the exponential, the sech(z) and the sech 2 (z)-distributions to the observational data.
The fitting routine that was used (Marquardt 1963 ) is a mixture of the Taylor and the steepest descent methods. It requires as input initial estimates for the values of the vertical scale parameter and the central surface brightness of the individual profiles. In order to yield satisfactory small goodness-of-fit parameters (χ 2 model ), the initial estimates should be of the order of the real physical parameters, although a close match is not necessary. The non-linear least squares fitting stops iterating when successive iterations fail to produce a decrement in the χ 2 model which is less than the minimum possible decrement.
As a first approximation we fitted the total profiles, taking into account all individual data points with the observational errors in each point as the statistical weights. The fitting was done in the logarithmic domain.
Although, in most cases, single-component models give quite satisfactory fits to the data, for some galaxies in the sample (UGC 7980 and UGC 8016 in particular) twocomponent models yield better fits. These two-component models are a combination of one of the three basic models, represented by Eqs. (1)- (3), and a second underlying exponential component.
This underlying thick-disk component shows up only at large z-distances, where the three model functions are indistinguishable (see, e.g., van Dokkum et al. 1994) . We have chosen to use the exponential model as a representative model for the thick-disk component, because near the plane of the galaxy the influence of the light of this thick disk is negligible compared to the main disk component (i.e., its contribution is less than 1% of the thin-disk light). Thus, the exact light distribution of the underlying thick disk in the galaxy plane is not important for the present analysis.
The global goodness-of-fit parameter
By comparing the values of χ 2 model obtained for each profile, the best-fitting models for all positions along the major axes of the galaxies can be found. However, if we want Table 2 to know which model fits the galaxies best in general, we have to define a global goodness-of-fit parameter, P ij , where i and j represent the individual models. Only by adopting such an objective statistical measure, one will be able to distinguish between different model combinations without any a priori bias towards a specific model. The global goodness-of-fit parameter P ij is defined as follows:
where the sum contains the χ 2 's of all disk-dominated profiles, and the models are represented by numbers (i,j) as 1 = exponential; 2 = sech(z) ; and 3 = sech 2 (z). In Table 4 the results obtained for the sample galaxies are shown. In the case of multi-component fits, the models were compared with the best-fitting single-component models, which turned out to be exponential light distributions. From the global goodness-of-fit parameters P ij the most representative light distributions were determined, as listed in Table 5 .
From Tables 4 and 5, we note that in the later-type galaxies the vertical light distribution is best represented by either an exponential or a sech(z) single component model. In the early-type galaxies, notably in UGC 7980 and UGC 8016, two-component fits yield better results than single component models. Also in the other earlytype galaxy in our sample, UGC 8935, in a number of vertical profiles the light distribution is best represented by a two-component fit, though the global goodness-offit parameters indicate that single component models are still better in this case. We also tried to fit two-component models to the other galaxies, but we did not detect any other secondary disk components with a scale height significantly different from the main disk component.
It could be argued that the resulting light distributions are significantly influenced by the dust, which is present near the galaxy planes. However, if we redo the modelling starting at the z-heights listed in Table 2 (beyond which the influence of dust obscuration has vanished almost completely) the same best-fitting models for the sample galaxies are found. Table 6 the positions along the major axes at which the profiles were extracted are listed
In Fig. 3 the fits to the vertical profiles of all sample galaxies are plotted. We only show the I-band profiles, because of all bands in which the galaxies were observed the I-band profiles are least influenced by dust extinction. Therefore they approximate the true old stellar light distributions best. Since in the I band we are looking at the old(er) disk components, possible thick disk components will also show up clearly, due to their supposedly old(er) ages. It is clear that close to the galaxy planes and near the galaxy centers the fits of pure exponentials or pure sech(z)-functions break down in the case of UGC 7808, UGC 7980, and UGC 9127, due to the presence of an obscuring dust layer. The positions at which the profiles were extracted from the I-band images of the galaxies as well as the width of the radial bins are given in Table 6 .
The vertical scale parameter
If we compare the values of the exponential scale height h exp z (Table 4 ) and the vertical scale parameter h z derived from the fitting of the more complex models (Table 5) for the same passband, we notice the remarkably good agreement between the methods used. Only in the case of two-component best fits the resulting values differ by more than their uncertainties. This shows that in general the determination of the exponential scale heights is a good starting point if one is interested in the behaviour of the vertical scale parameter.
Interesting results in this respect are that the range of vertical scale parameters, as found in the model fitting routines, is quite narrow for both the thin and the thick disk components, as is shown in Fig. 4 , and that the scale heights do not vary significantly as a function of passband. The vertical scale heights of the thin disks are usually larger than (on order) 100 pc and smaller than ∼ 250 pc, except for UGC 8935 and UGC 9127.
In the case of UGC 8935 this can be explained if we assume that the scale height we are fitting is influenced by the presence of a thick disk. If we model the vertical profiles of UGC 8935 under this assumption, the resulting scale parameters are the following. For the thindisk component h z,sech (B) = 0.3 ± 0.1 h −1 kpc and h z,sech (V, I) = 0.4 ± 0.1 is found, and for the thick-disk component h z,exp (B) = 0.6 ± 0.2, h z,exp (V ) = 0.7 ± 0.3, and h z,exp (I) = 0.8 ± 0.3, where the best-fitting twocomponent model is described by the combination of a sech(z) and an exponential distribution in all passbands. So the vertical scale parameters of UGC 8935 lie also in the same narrow range (within the uncertainties).
The thick disk scale parameters range from about 470 to 620 pc. From Fig. 4 it turns out that for UGC 9127 the scale height of the single component fitted lies in the range of the thick disk parameters found for the early type galaxies. The explanation for this large thin disk scale height is the dusty appearance of the galaxy, which is probably optically thick (even in the I band) out to about two scale heights from the galaxy plane.
Since the sample galaxies span the entire range of spiral galaxy types and because they were selected on basis of their apparent optical diameters (and thus they also differ greatly in physical sizes), the fact that we find that the vertical scale parameters for both the thin and the thick-disk components are confined to such narrow ranges cannot be explained by invoking selection effects. for the thin and thick disks, respectively; (5) the scalelengths determined in the exponential regime; (6) the disk scalelengths resulting from a bulge-disk decomposition, and (7) the bulge effective radii, that enclose half the total (bulge) luminosities; and (8) the corresponding reduced χ 2 goodness-of-fit parameters for the bulge-disk decompositions, defined as the difference between the observations and the fit scaled to the number of degrees of freedom of the fitted function Galaxy band best model hz h (1) Because of the complicated structure of the central region of UGC 7980, an unambiguous bulge-disk decomposition could not be done.
(2) UGC 8286 does not have a bulge component; therefore we fitted various dust models to the disk radial light distribution instead of a bulge-disk decomposition.
Radial surface brightness distributions
Exponential scalelengths as a function of z-height
If one is interested in the dependence of the exponential radial scale parameter as a function of z-height above a galaxy plane, a good first approximation can be obtained by fitting an exponential model to the radial light distributions. As has been argued by, e.g., Knapen & van der Kruit (1991) , the scale lengths of a particular galaxy, determined by different authors, vary by ≈ 20%. The resulting scale lengths depend heavily on the radial fitting range used, since in general the radial profiles are not exactly exponential. Therefore, in order to compare our scale lengths at different passbands, the radial regions over which the disk exponential scale lengths were fitted were chosen in a consistent way.
In order to avoid contaminating bulge light and the possible effects of disk truncations and warps, the fits were done in those (intermediate) regions that are dominated by the disk light, i.e. at those positions where the bulge light contribution is less than 5% of the total light (see Table 2 ). Since the scale lengths in B are generally longer than in I and for most of our galaxies the bulge effective radius is also smaller at shorter wavelengths, we used a B-band bulge-disk decomposition to define the smallest Fig. 4 . Scale height distributions for the sample galaxies as a function of passband; the galaxies are indicated by their UGC names radii of the fitting region at which the bulges contribute less than 5% for the radial profiles taken furthest from the galaxy planes. The same region was used for all passbands and at all distances from the galaxy planes. The results of these fits are presented in Table 5 .
In general the exponential scalelengths decrease with increasing wavelength. This is in agreement with various other studies, e.g. Peletier et al. (1994) find that the scale length in B is usually between 1.2 and 2 times the scale length in K in a representative sample of Sb and Sc galaxies. This corresponds to a B / I scale length ratio of about 1.1 to 1.5 (Peletier, priv. comm .) The mean B to I scale length ratio we find here is 1.17 ± 0.10, which is within the range found by Peletier et al. (1994) . Such a large difference between the scale lengths in these passbands indicates substantial colour gradients in the galaxy disks. It is argued that the ratio depends heavily on the dustiness of the galaxy, e.g. for the early-type galaxies of without much visible dust the B / I scale length ratio was found to be 1.04 ± 0.05. A similar trend was found by de Jong (1995) , who studied a sample of 86 face-on disk-dominated spiral galaxies. He found that the mean B / K scale length ratio of his sample was 1.22 ± 0.23. We did not find a clear trend of scale length ratio as a function of galaxy type, large ratios were found in both early and late types. A larger sample is required for a thorough statistical analysis of the behaviour of the scale length ratio as a function of galaxy type.
In all but one of the sample galaxies the scale length decreases when going to longer wavelengths; only in the dusty (late-type) dwarf galaxy UGC 8286 the behaviour is reversed. A complicating factor in this galaxy is the patchiness of the dust distribution, which easily leads to varying estimates of the scale parameter, depending on the way the data is reduced, as was argued by, e.g., Giovanelli et al. (1994) . The scalelength distribution as a function of height above the galaxy planes is shown in Fig. 5 for those galaxies with a disk thickness of at least 10 .
The fitting of more complex models
We fitted more complex models to the observed light profiles at different z-heights, the simplest of these being a bulge-disk decomposition, in which the bulge and the disk are assumed to be the main contributors to the radial light distributions. The advantage of applying a bulge-disk fit to the radial profiles of the sample edge-on galaxies is that we can take into account the bulge influence on the exponentially decreasing disk light distributions. We used a combination of a (spherical) bulge and a disk that are both exponentially-decreasing functions of position along the major axis, rather than the R −1/4 De Vaucouleurs bulges that are often fitted in the literature. Recent results show that exponential bulges may be even better than the well-known R −1/4 bulge profiles, depending on galaxy type (e.g., Andredakis & Sanders 1994; Andredakis et al. 1995; Saraiva Schröder et al. 1994 ).
Since such decomposition algorithms require very accurate fine-tuning of the bulge and disk parameters, it is extremely difficult to obtain unambiguous results if the observations are rather noisy. In order to determine the radial scalelengths accurately, the fitting should be done in those regions of a galaxy where the influence of a dust layer is minimal, at high z-heights. However, at such (relatively) large distances from the galaxy planes, the signal-to-noise ratios are generally rather poor, so the decomposition into bulge and disk parameters is usually not well determined. Therefore, in Table 5 we have listed only those results from the decompositions for which we have integrated the light over all z of the total galaxies (all R).
Although the influence of a possible dust lane (in the galaxy planes) cannot be quantified here, the scalelengths in Table 5 can be used for a first-order comparison with the scalelengths resulting from the fitting of an exponential light distribution (Sect. 3.2.1); Cols. (5) and (6) illustrate that, in general, they agree on a 20% level. The difference between these values obtained for the scale lengths is largely due to the difference in fitting boundaries and is thus a measure for the realistic error in h R .
A bulge component was not found in only one of the sample galaxies, UGC 8286. Since extinction dramatically affects fits to radial (disk) profiles we have fitted the radial light distribution of UGC 8286 with extinction-dependent models taken from KB87 (their Eqs. (14-16) ). Radial Table 5 profiles at different distances from the galaxy plane were fitted with total extinction (absorption and scattering) coefficients at the galaxy centers, κ 0 , of 0.1, 0.5, 1.0, 2.0, and 5.0 mag; the results are shown in Fig. 6 , together with the results from fitting purely exponential light distributions to the radial disk profiles. Best fits were obtained with the smallest values for κ 0 , (κ 0 (B, V ) = 0.5, κ 0 (I) = 0.1), with little variation as a function of distance from the galaxy plane. Only a very slight hint of an increasing extinction coefficient towards the galaxy plane was observed. The best-fitting scalelengths, determined at high z-heights in order to minimize the influence of a dust lane, are h R,B = 1.20 ± 0.04 h −1 kpc, h R,V = 1.01 ± 0.07, and h R,I = 1.4 ± 0.1, slightly smaller than those obtained by fitting an exponentially-decreasing luminosity distribution to the outer parts. In contrast, Van der Kruit & Searle (1982a) found an exponential scalelength of 1.5 h −1 kpc for this galaxy, and 2.6 h −1 kpc if only the inner 2.3 kpc are considered, in the broad-band optical colours U , J, and F . The large discrepancy between the various values found here shows that this kind of modeling only yields scale lengths accurate to ∼ 50%, but it might be useful to measure variations of scale length as a function of height above the plane.
DDP found from their model calculations that if real galaxies can be represented by sandwich models, which would seem to be the case from observations of edge-on galaxies (e.g. KB87), then no matter how large their optical depths, they will behave in the optical as if they are optically thin. Our results support this conclusion. Jensen & Thuan (1982) have examined the behaviour of the scalelength at different heights above the plane of the edge-on NGC 4565 and found the scalelengths to be rather constant in those regions where the influence of dust and young stars is considered to be negligible (with variations on order of 1%). Therefore they concluded that the scaleheight is independent of radius. We can see from Fig. 5 that a number of galaxies in our sample have a scalelength distribution that is more or less flat at those zheights where the dust influence is assumed to be minimal. If we combine this with the results obtained in Sects. 3.1.1 and 3.1.2, we see that, except for early-type galaxies, the scale height distribution is rather constant with height above the plane. Table 6 . Positions along the major axes and widths (in arcseconds) of the extracted profiles. The first profiles refer to the top ones in Fig. 3 7  12  8  20  15  20  8  30  15  10  3  40  8  45  8  8  22  15  40  28  35  8  50  28  20  3  60  15  60  15  9  70  15  50  8  75  15  15  10  90  28  60  8  95  28 Fig . 6 . Scalelength distribution as a function of distance from the galaxy plane of UGC 8286. The solid lines represent the distributions resulting from the extinction-dependent modeling, the dashed lines were derived from the simple exponential fits. We see a strong disagreement between the two distributions south of the galaxy plane, due to the dustiness of UGC 8286. The dotted line is meant to guide the eye 3.2.3. The ratio of radial to vertical scale parameters
Since we are looking at edge-on galaxies, we can easily measure the ratio of the radial to the vertical scale parameter, h R /z 0 . So far, this ratio is only known for a few galaxies. However, when studying edge-on galaxies we are looking at the projected disk light, integrated along the line of sight. In other words, the resulting exponential radial scale parameters will differ systematically from the true exponential scalelengths. As has been shown in the previous Section, we may assume that the maximum extinction coefficient κ 0 will be on order unity. Under this assumption, the systematic differences between the true exponential scalelengths and the exponential scale parameters found are on order of 10% at maximum. So the values for the radial scale parameters found may have to be increased by up to 10%, depending on the amount of extinction encountered in the individual galaxies.
In Table 7 we have listed the h R /z 0 ratios as found for the sample galaxies. I-band parameters are used, because in I the influence of dust extinction is the smallest of the optical bands. The mean h R /z 0 ratio of this sample is 5.6 ± 0.4, where the errors are 1 σ statistical errors. If we leave out the scale parameter ratio for UGC 9127, for which the scale height was shown to be rather large compared to the scale height of the other sample galaxies, we find a mean h R /z 0 ratio of 5.9 ± 0.4.
Discussion
Main observational results
As shown in the previous section, our main observational results are the following:
-Especially in the later-type galaxies, the scale height was found to be constant as a function of position along the major axis; the constancy is ∼ 10 −15% in galaxies of type Sc and later. -In most of the sample galaxies the scale heights of the vertical luminosity profiles seem to increase slightly when going to larger distances from the galaxy centers. -In the later-type galaxies (Sc and later) the vertical light distributions are best represented by either an exponential or a sech(z) single component model; in the early-type galaxies an underlying thick disk was found. -The range of vertical scale parameters is quite narrow for both the thin and the thick disk components; no clear variations as a function of passband were found.
-The exponential scale lengths decrease with increasing wavelength, and also with distance from the galaxy planes -The mean h R /z 0 ratio of this sample is 5.9 ± 0.4. 
The vertical scale parameter
As has been shown in Sect. 3.1.1, the exponential disk scale height seems to be (more or less) independent of position along the major axis for the galaxies in the present sample, the scale height variations in the later-type galaxies were found to be of order 10 to 15% at maximum. As was noted in Sect. 3.1.1, however, the scale height seems to increase in the outer parts of the galaxies. It is therefore possible that the disk thickens just before the optical edge (van der Kruit & Searle 1981a ,b, 1982a . However, even if the shallowing at the last profiles were entirely due to a thickening of the disk, the implied change in z 0 would be relatively small and restricted to no more than 10% of the obervable extent of the galaxies (van der Kruit & Searle 1981a) . So it is a good approximation to take the vertical scale parameter independent of position along the major axis, because except for these outermost profiles the models fit the observations very well.
Another possibility is that optical warps are present, like in the H i, causing the shallower outer profiles (van der Kruit 1979).
In Sect. 3.1.2 we derived the best-fitting vertical scale parameters h z for the main disk components. As we already noted, these are in the range of 100 to 300 pc for late-type galaxies and the thin disks of early type galaxies. If we compare these values with the values derived for other galaxies, then we find that they are comparable. For instance, for the Galaxy, Gilmore & Reid (1983) and others find a scale height h z = 325 ± 25 pc for the old-disk stars. Comparable values for other edge-on spiral galaxies were found by, e.g., van der Kruit & Searle (1981a,b; 1982a,b) and Hamabe (1982) . By using 2.4 µm data, Kent et al. (1991) found a scale height for the Galaxy in the solar neighbourhood of h z ∼ 247 pc (assuming R = 8 kpc), decreasing to h z ∼ 165 pc at R = 5 kpc.
Finally, we did not detect a clear variation of the scale height with passband. However, in the presence of a dust layer and different stellar populations, such variations would be expected: in general, the older population has a greater velocity dispersion and therefore a larger scale height than the young population. In the B band, the main contributor to the galaxy light is the young population, but a large fraction of its light is obscured by the dust component, yielding too small values for the exponential scale heights. In V, the contribution of the young population is small compared to that of the older (and redder) population, whereas the dust still plays an important role. Only in R and I the dust influence is much smaller and the older population shows up more clearly.
The dust contribution
As was noted in the previous section, we would expect a variation of scale height with wavelength in the presence of a dust lane and different stellar populations. However, in general such a variation was not detected. Also, we have shown that the scale lengths vary as a function of zdistance from the galaxy planes. The smallest scale lengths were measured in the galaxy planes.
A possible explanation for the absence of a significant variation in scale height as a function of passband is that, even in the I band, the entire galaxy is completely optically thick (in the regions fitted). If the edge-on opacity of galaxy disks is much greater than unity, then the observed light distributions will give rise to more or less identical (radial and vertical) slopes. However, if this were the case, we would also expect a flat distribution of scale lengths as a function of distance from the galaxy planes.
On the other hand, we could explain both observational facts by assuming that the region in which the opacity is much greater than unity is confined to a narrow strip close to the galaxy planes and increasingly important towards the galaxy centers. In that case, we assume that the light distributions we observe represent the same stellar population in the optical passbands observed in, and are only very slightly affected by absorption effects. The smaller scale lengths close to the galaxy planes can then be explained by a combination of absorption effects and a young stellar population, that is supposed to be present in the galaxy planes.
In terms of scale lengths ratios, Peletier et al. (1994) have come up with a similar result. They have shown that many of their sample Sb and Sc galaxies that are highly inclined have small scale length ratios and as such cannot contain a lot of dust away from the galaxy planes.
As has been shown by, e.g., Giovanelli et al. (1994) and Knapen & van der Kruit (1991) , the photometric profiles will yield different values for the scale parameters, depending on the dust distribution and the ranges assumed for the fitting of the scale parameters. The effect of absorption, concentrated towards the profiles' centers, is to increase the scale parameter values, and hence the scale parameters tend to be overestimated at smaller wavelengths. Therefore, the ratio of B to I-band scale parameters gives an indication of the influence of absorption in galaxies, as was already mentioned in Sect. 3.2.1. However, such a global comparison will break down when analyzing individual galaxies, since the assumption of a smoothly, uniformly distributed dust layer does not hold on scales smaller than the galaxies, due to the patchiness of the dust distribution.
Although we used regions away from the central planes of the galaxies, in order to avoid the contamination of dust and stellar light, even at these z distances the observed light distributions consist of a (nonuniform) mixture of stars and dust (though less than in the planes).
Disk components
What we learn from studying the I-band data, where the influence of an obscuring dust layer is minimal, is that the model that represents the vertical light distribution best is either an exponential or a sech(z) distribution. We need, however, near-infrared observations to distinguish between both models, because only then we expect to obtain images that are not influenced by dust extinction. By supplementing the data presented here with that of Wainscoat et al. (1989) , who obtained near-infrared observations of the southern edge-on galaxy IC 2531, we may argue that the vertical stellar distribution is generally exponential. However, we should be careful when interpretating Wainscoat et al.'s (1989) data, because of their poorer resolution: in the inner parts they cannot distinguish between exponential and sech(z)-distributions. Barnaby & Thronson Jr. (1992) have studied the vertical disk light distribution of the late-type edge-on NGC 5907 in the near-infrared H-band. They found, following van der Kruit's (1988) suggestion, that they could model the vertical disk profiles with a sech(z) function. However, they did not try to fit their data with an exponential light distribution. Better data on these galaxies is available now, both in the optical and in the near-infrared. We will publish the results obtained from those data in a subsequent paper.
As was noted in Sect. 3.1.2 already, the vertical light distributions of the early-type galaxies in our sample are best represented by two-component models. This second component was first detected by Burstein (1979) in a sample of edge-on S0 galaxies; he called it a "thick disk" because of the larger scale height than that of the dominant component. A number of possible origins for these thick disks can be thought of. They could be truly separate dynamical components of the galaxies, or due to the bulge light contribution, as was suggested by Freeman (1985) . However, Shaw & Gilmore (1989) did not find any evidence for a significant bulge light contribution to the thick-disk light of NGC 891, even though they could study its photometric data to distances from the galaxy plane of 4.5 kpc at major axis distances of 15 kpc (assuming a distance of 9.5 Mpc, following van der Kruit & Searle 1981b) and ∼ 8 kpc down the minor axis.
Although the presence of a thick disk component in our Galaxy is generally accepted (having a scale height of ∼ 1 kpc), in external galaxies, the existence of a thick disk has not been proven unambiguously. The profiles of NGC 891 can be explained by a thick disk, but also by a "returning" bulge with axis ratios increasing towards the outer parts (van der Kruit 1984; Bahcall & Kylafis 1985) . Probably one of the most convincing examples of the existence of a thick disk component was found by van Dokkum et al. (1994) in the case of the edge-on spiral NGC 6504, having a scale height of approximately 4 times the thin-disk scale height.
The ratios of the scale heights of the two components found for UGC 7980 and UGC 8016 are 2.8 ± 0.2 and 5.0 ± 0.4, respectively. If we want to compare these values to those found for other galaxies, only a few references are available. Van der Kruit (1987a) found ratios of 3.2 and 4.0 for NGC 891 and the Galaxy, respectively. Jensen & Thuan (1982) derived a somewhat larger ratio of 6.6 for the edge-on Sc galaxy NGC 4565. Furthermore, as van Dokkum et al. (1994) have shown, for the edge-on Sab galaxy NGC 6504 a ratio of about 4 was found. So the ratios found in this study are consistent with data from the literature.
We have looked for the existence of possible thick disks in the other sample galaxies as well, but no such components were found.
In this paper we have shown that the mean (I-band) scale parameter ratio is 5.9 ± 0.4, which agrees very well with the value found by van der Kruit & Searle (1982a) . A number of studies have dealt with the determination of the h R /z 0 ratio for our Galaxy, including van der Kruit (1987b) who finds (h R /z 0 ) Gal = 8.5 ± 1.3, closer to the theoretical value of about 10 needed for disks of Sc galaxies with maximum rotation (Bottema 1993) .
Summary and conclusions
In this paper we have tried to determine the structural parameters of a small sample of extremely inclined spiral galaxies.
-Vertically, we have distinguished between a simple exponential light distribution and the isothermal sech 2 (z) profile. In general, the simple exponential fits turned out to be good approximations of the stellar light distribution, although more complicated model fitting was required for a detailed description of the disk components.
-The exponential parts of the vertical profiles were used to study the vertical scale parameter as a function of position along the major axis. It was found that the disk scale height is constant with radius, although the constancy seems to lose strength at larger radii: there is a hint of a radial increase of the exponential scale height. -Neither the isothermal nor the exponential model could account for all profiles observed, so an intermediate sech(z) model had to be invoked, as was also proposed by van der Kruit (1988) . In most cases, either the exponential or the sech(z) yields good fits to the data, thus leading to the conclusion that in the sample galaxies, at least near the plane, we are not looking at one isothermal population, but probably at a mix of several stellar populations as well as a dust component. The sech 2 (z) distributions generally fit worse. -Deviations from an exponential or sech(z) model can be accounted for by invoking the influence of dust or a young stellar population near the equatorial planes of the galaxies, whereas the excess of light that is detected in a few early-type galaxies is possibly due to the presence of an underlying thick disk component.
The relationship between the presence of thick disks and bulges will be studied in future papers for a larger, statistically complete sample of edge-on spiral galaxies. -It was found that the scale heights of both the main (or thin) disk component and of the thick disk component (if present) are confined within narrow ranges. -By studying the scalelength variations at different zheights above the galaxy planes one can get an idea of the influence of dust and a young stellar population on the optical emission. From the observations we conclude that their influence is to decrease the scalelengths towards the galaxy planes. Under this assumption, the implication then is that by taking the in-plane scalelengths we underestimate the true scalelengths of the light and possibly of the main mass component as well. This may have severe implications on rotation curve fitting and the dark matter problem. -We fitted different dust models to the only sample galaxy without a bulge, UGC 8286, assuming equal scalelengths for the dust and the stars. The resulting total extinction coefficients lie in the optically thin regime. This supports the assumption that dust in galaxies is generally distributed in a flat layer near the galaxy planes. -The ratio of the radial and vertical scale parameters, h R /z 0 , was found to be 5.9±0.4 in the I band, which is less influenced by extinction effects than other optical bands. The values for h R were calculated for the integrated light at those distances above the galaxy planes where the influence of the central dust lane (if present) was minimal. This ratio, although comparable to van der Kruit & Searle's (1982a) scale parameter ratio, is too small to account for maximum rotation in a galaxy disk (Bottema 1993 ).
